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ABSTRACT  
 
The microstructural evolution of the Ni-based superalloy CMSX-4 including the change in 
gamma prime size and distribution and the degree of rafting has been examined in detail using 
field emission gun scanning electron microscopy (FEGSEM) and transmission electron 
microscopy (TEM) after high temperature degradation and rejuvenation heat treatments. The 
relationship between the microstructure, mechanical properties and the applied heat treatment 
procedures has been investigated. It is shown that there are significant differences in the rafting 
behaviour, the size of the ‘channels’ between the gamma prime particles, the degree of rafting 
and the size of the tertiary gamma prime particles in each of the different microstructural 
conditions studied. Chemical segregation investigations were carried out to establish the cause of 
reduced mechanical properties of the rejuvenated sample after high temperature degradation 
compared to an as-received sample after the same degradation procedure. The results indicate that 
although the microstructure of as-received and rejuvenated samples were similar, the chemical 
segregation was more pronounced in the rejuvenated samples, suggesting that chemical 
segregation from partitioning of the elements during rejuvenation was not completely eliminated. 
The aim of this research is to provide greater understanding of the suitability of rejuvenation heat 
treatments and their role in the extension of component life in power plant applications.  
 
INTRODUCTION 
 
Ni-based superalloys are widely used in power generation as gas turbine components due to their 
excellent high temperature performance. These components are subjected to a combination of 
elevated temperature, high stress and aggressive environments during service, which inevitably 
cause various microstructural changes in the material [1-2]. This microstructural deterioration can 
lead to a degradation of mechanical properties such as tensile strength and creep resistance, which 
can lead to failure in the components and reduce their service life [3-5]. When a superalloy gas 
turbine component reaches the end of its predicted life, the user typically has two options: replace 
the component or attempt to extend its life. Replacement not only requires expensive materials 
but also adds to the maintenance and operational costs of the turbine, which has made the life 
extension of components a financially viable alternative. Rejuvenation is designed and used to 
recover some extra life for expensive Ni-based components by restoring the pre-service 
microstructure (and, hence mechanical properties) ready for the component’s extended life. In the 
case of the CMSX-4 used for power plant applications, the predicted lifetime is primarily 
governed by the degradation of the microstructure through the rafting of γ′ particles. Therefore, 
understanding the changes in the size, morphology and distribution of γ′ particles before and after 
high temperature degradation and rejuvenation heat treatments becomes very important. However, 
at present, limited information is available about the effect that these types of heat treatment have 
on the integrity of components. In the absence of mechanical loads, the rafting behaviour of γ′ is 
associated with the dendritic structure of the alloy, which is governed by the local chemical 
inhomogeneity or chemical segregation [5]. Hence, it is also important to understanding the 
effects of chemical segregation on the microstructure of the alloy and its mechanical behaviour 
[6]. In addition, it is essential to evaluate the refurbishment process though the examination of the 
microstructure, chemical homogeneity and mechanical performance after application of 
rejuvenation heat treatments and subsequent microstructural degradation. 
 
EXPERIMENTAL PROCEDURE  
 
CMSX-4 single crystal tensile specimens were supplied by E.ON New Build & Technology 
Limited which, in order to minimise the effects of misorientation had axes within 7 degrees of 
<001>. The crystal orientations were determined by the Laue back reflection technique. The 
nominal chemical composition of the CMSX-4 alloy used in the investigation is given in Table 1. 
 
Table 1: The nominal chemical composition for CMSX-4 used in this study / wt% 
 
Al C Co Cr Fe Mo Nb Re Hf Ta Ti W Ni 
5.70 0.0022 9.60 6.28 0.06 0.60 0.01 2.95 0.09 6.49 1.00 6.43 Balance 
 
A heat treatment programme was carried out to enable systematic analysis of the microstructural 
evolution of the CMSX-4 samples, in comparison with the results obtained from mechanical 
testing. Details of the precise rejuvenation treatment used is proprietary to E.ON New Build & 
Technology Limited, but an overview of the heat treatment conditions used in this study are 
shown in Tables 2 and 3. 
 
Table 2: The CMSX-4 samples with their heat treatment conditions 
 
Sample  Heat Treatments 
S 1 As-Received 
S 2 Rafted 
S 3 Rafted + Rejuvenation 1 
S 4 Rafted + Rejuvenation 1 + Rafted 
S 5 Rafted + Rejuvenation 2 
 
 
Tensile testing was performed in accordance with ASTM E8/E8M [7] on a servo-mechanical test 
frame at room temperature using a stain rate of 0.7 mm min-1. The specimens used were 62 mm 
long and 10 mm in diameter as shown in Fig. 1. Mechanical test results are available from S1 to 
S4. Mechanical tests for S5, are ongoing and will be reported later but the microstructural 
analysis and homogeneity results for all the samples are presented in this paper.  
 
For SEM imaging, specimens were cut and mounted in electrically conductive Bakelite, 
mechanically polished and then electrolytically etched using 10% orthophosphoric acid in water 
at a voltage of 10 V. The majority of the microstructural examination was then carried out using a 
Carl Zeiss 1530VP FEGSEM, operated at voltages of 10-20 kV and at working distances of 3 and 
15 mm when using Inlens and Everhart Thornley secondary electron detectors respectively. A 
number of magnifications were used to obtain details of the size of the secondary and tertiary γ′ 
precipitates and the γ channel widths. For chemical segregation analysis, the chemical 
composition difference between dendrite cores and interdendritic regions of all heat treated 
samples was obtained using quantitative energy dispersive x-ray spectroscopy (EDS) area 
analysis by an Oxford Instruments X-max 80 Silicon Drift Detector attached to the FEGSEM. 
The dendrite structures were marked by hardness indents on etched samples. In order to avoid the 
influence of etching on the chemical analysis, these etching effects were subsequently removed 
by polishing. An area measuring 20x20 μm was analysed both within the dendrite cores and 
interdendritic regions as shown in Fig. 2. The chemical composition difference between the 
dendrite cores and interdendritic regions was used to represent the chemical segregation within 
the samples.  
 
Table 3: The details of heat treatments applied to CMSX-4 samples 
 
Rafted Rejuvenation 1 Rejuvenation 2 
 
 
 
Holding at 
1050°C  
for 1000 h 
Solution Solution  
High temperature solution heat 
treatment for rejuvenation 
Extended high temperature solution 
heat treatment for rejuvenation 
Ageing Ageing 
Two step ageing with different 
temperature holds 
Two step ageing with different 
temperature holds 
 
 
 
  Figure 1: CMSX-4 tensile specimen used in the study. 
After the FEGSEM images were taken, further microstructural quantification such as the area 
fraction of secondary γ′ precipitate particles and γ channel widths were determined using image 
analysis tools. For the area fraction measurement, suitable contrast and brightness settings were 
applied to distinguish the secondary γ′ and γ channels to enable thresholding to discriminate the 
different areas of the microstructure through the use of the image processing software, Image J. 
For the measurement of the γ channel widths, a grid was placed on the top of the 20,000X 
magnification images such that the direction of the grid was parallel to the direction of the rafts, 
as shown in Fig. 3. The channel widths of all channels intercepting each line of the grid were 
measured manually. Both the channel widths of the parallel and perpendicular direction of the 
rafts were measured [8]. In order to define the degree of rafting, a rafting parameter introduced by 
Ignat et al [9] was used in this work. The rafting parameter, R, is defined as R=2L2/ (4LT) =L/ 
(2T), where L is the length of rafts and T is the thickness of rafts.  
        
Figure 2: A schematic illustration of the location of the EDS area analysis in the dendritic 
core (DC) and interdendritic region (IDR) with respect to the dendrite structure. 
 
 
Figure 3: A schematic illustration of the orientation of the perpendicular and parallel channel 
widths for the measurement of the γ channels for Sample 4. 
 
RESULTS AND DISCUSSION 
 
Tensile Test Data  
 
The tensile curves and results obtained from S1-S4 are shown in Fig. 4 and Table 4. S1 and S3 
(as-received and rejuvenation 1) performed similarly in the tensile test but S3 showed a reduced 
ductility when compared to S1. S1 demonstrated an UTS of 921 MPa and a yield strength of 874 
MPa, whilst encouragingly, the measured values of the UTS and yield strength of the 
rejuvenation 1 sample (S3) were slightly higher at 900 and 900 MPa respectively. The samples 
after high temperature degradation (S2 and S4) exhibited considerably lower yield strength and 
UTS, but demonstrated increased levels of ductility.  
 
Table 4: Tensile test results for the four different heat treated samples 
 
Sample No. Heat Treatments 
Yield 
Strength 
 (MPa) 
UTS 
(MPa) 
Elongation 
(%)  
 
S 1 As-Received 874 921 19.6 
S 2 Rafted 724 832 22.7 
S 3 Rafted + Rejuvenation 1 900 900 13.7 
S 4 Rafted + Rejuvenation 1 + Rafted 728 792 31.9 
 
Microstructural Examination 
 
Figure 5 shows the microstructure of the head sections of the CMSX-4 superalloy samples after 
five different heat treatments and therefore the microstructures are representative of isothermal 
ageing only, rather than the application of external load. S1, S3 and S5 exhibited a uniform 
distribution of the secondary (cuboidal) γ′. S2 and S4 had a rafted microstructure with γ′ particles 
which have increased in size when compared with the as-received (S1) and rejuvenated samples 
(S3 and S5) respectively. Tertiary γ′ precipitates in the γ channels between the large γ′ particles 
were found in all samples except S1. Both very large (>100 nm) and fine (<20 nm) tertiary γ′ 
particles were found in S2. 
 
TEM was used to further examine the presence of the tertiary γ′ particles and their effects on 
dislocations within the alloy. The TEM images of the CMSX-4 samples after the five different 
heat treatments were consistent with the FEGSEM investigations. Tertiary γ′ particles were found 
in samples S2, S3, S4 and S5, which can act as barriers to block the movement of dislocations. 
For S2, which has undergone a single rafting process, the tertiary γ′ particles are relatively large 
at ~100-200 nm, whereas those formed in S4 are considerably smaller (~20 nm) as shown in fig. 
6. Dislocations were also observed in S2 and S4, where they were mainly present in the γ 
channels, especially near the edge of the secondary γ′ particles. These results are consistent with 
earlier research [11-14].  
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Figure 4: Tensile test results of the four different heat treated conditions for the CMSX-4 samples 
used in this study. 
  
  
 
Figure 5: SEM images of the head sections of the CMSX-4 samples after five different heat 
treatment conditions; a) S1, as-received, b) S2, rafted, c) S3, rafted + rejuvenation 1, and d) S4, 
rafted + rejuvenation 1+ rafted, e) S5, rafted + rejuvenation 2.  
  
Figure 6: TEM images of the head sections of a) S2, rafted and b) S4, rafted + rejuvenation 1+ 
rafted with, inset, a high magnification image of the γ channels with tertiary γ′. 
a b 
Quantification of the γ′ particle sizes and γ channel widths 
 
In order to quantify the microstructural evolution of the CMSX-4 after the different heat 
treatments, image analysis was carried out to quantify the area fraction of the secondary γ′, γ 
channel widths and degree of rafting. Figure 7 illustrates the overall results of the area fraction of 
the secondary γ′ for the head sections of the samples, followed by the channel width 
measurements and rafting parameter, shown in Table 5 and Fig. 8. 
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Figure 7: The area fractions of the secondary γ′ particles from the five different heat treatment 
conditions for the head sections of the tensile test specimens measured using image analysis. 
 
In single crystal Ni-based superalloys, the high level of rupture strength and creep resistance 
results from the high volume fraction of γ′ contained within the alloy [10]. In this study, the area 
fraction of the γ′ has been used as an approximation of volume fraction. According to both the 
tensile test results and the area fraction measurements, the yield and ultimate tensile strength 
increases with the area fraction of secondary γ′ particles. Although the rafted sample (S2) has the 
lowest area fraction of secondary γ′ particles, 0.684, it should be noted that there are a large 
number of tertiary γ′ precipitates in the channels. Moreover, the size of these precipitates is quite 
large (100-200 nm). The presence of these large tertiary γ′ precipitates in the channels will affect 
the movement of dislocations, which increases the yield and ultimate strength but reduces the 
ductility [11-14]. 
 
Table 5: The γ channel widths and rafting parameter for the five different heat treated samples 
 
Sample  
No Heat Treatments 
γ  Channel Width / nm  Rafting 
Parameter  Parallel Perpendicular 
S 1 As-received 43±13 39±11 0.56 
S 2 Rafted 280±53 250±42 1.64 
S 3 Rafted + Rejuvenation 1 58±19 54±17 0.55 
S 4 Rafted + Rejuvenation 1 + Rafted 242±81 99±31 2.65 
S 5 Rafted + Rejuvenation 2 60±12 59±13 0.53 
 
In order to quantify any influence of the γ channel widths on mechanical properties, these were 
measured in both the perpendicular and parallel directions with respect to the <001> orientation 
and are given in Table 5 and Fig. 8. The γ channel widths in the as-received (S1), rejuvenation 1 
(S3) and rejuvenation 2 (S5) samples are very small, ~60 nm, whilst those in the degraded 
structures are much larger, ~300 nm. The small channels of S1 and S3 lead to higher yield and 
ultimate strengths in the tensile test. The UTS of these samples may be influenced by the 
movement of dislocations which is governed by the spacing of the γ channels [14]. When the 
spacing is small, the dislocation has to move through the precipitates by shearing or cutting. The 
dislocation movement is thus impeded, leading to an increase in the applied stress and hence 
higher mechanical properties. When the spacing is larger, as in the rafted structure, dislocations 
can move by glide or climb through the γ channels, which is a process which requires lower stress 
and thus results in poorer mechanical performance. 
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Figure 8: γ channel width measurements between the secondary′ particles of head sections for 
the five different heat treated samples measured in parallel and perpendicular directions. 
 
Although the average parallel γ channel width of S2 (280 nm) and S4 (242 nm) show no 
significant difference, the channel widths in the perpendicular direction are substantially 
different. S2 has an average width of 250 nm in the perpendicular direction, whilst S4 was only 
99 nm. The difference in channel width indicates that the degrees of rafting are different in these 
samples. In order to define the degree of rafting, a rafting parameter R was used. For a cuboidal γ′ 
particle a rafting parameter of 0.5 would be expected. As shown in Table 5, the rafting parameter 
of S1, S3 and S5 is very small, around 0.5, because the L and T values are the same. However, 
for rafted samples, rafting results in a very large L but small T value, which leads to a greater R 
value. The R value for S4 is much larger than S2, which confirms the observation that S4 has a 
more continuous rafted microstructure. With these continuous broader channels, dislocations can 
move more easily through the structure, which consequently leads to a reduction in tensile 
strength.  
 
The microstructure of the rejuvenation 1 sample (S3) showed the same γ′ size, morphology and 
distribution as the as-received sample (S1), as well as degree of rafting, which was consistent 
with the tensile test results. These microstructures indicate that the rejuvenation procedure for S3 
used here restores the microstructure of a previously rafted sample to a microstructure which is 
apparently equivalent to that of the as-received structure. However, when the rejuvenation 1 (S3) 
sample experienced a subsequent further rafting treatment (S4), the microstructure showed a 
greater extent of rafting than the sample which had received only one rafting treatment, sample 
S2. It is possible that any chemical segregation present within the alloy has not been removed 
during rejuvenation, which was then enhanced by the second rafting treatment with an 
accompanying reduction in mechanical properties. This could explain why, on the microstructural 
level, the as-received (S1) and rejuvenated (S3) sample are very similar but they showed a very 
different mechanical performance and microstructure after undergoing a subsequent “return to 
service” degradation treatment.  
 
Chemical Segregation Analysis of Dendrite Core and Interdendritc Region  
 
According to [14-16], the degradation not only degrades the microstructure but also causes 
chemical segregation, which later affects the mechanical performance. As previously shown, the 
rejuvenation heat treatment appears to have recovered most of the microstructure to the 
as-received conditions, but it is important to examine the chemical segregation level of these 
samples after rejuvenation. Since directional coarsening of the γ′ is a diffusive process, which is 
very dependent on the movement of the alloying elements, the chemical segregation and 
homogeneity have been carefully measured with respect to the dendrite structure. Figure 9 shows 
optical microscope images of these samples showing dendrite cores and interdendritic regions 
with accompanying EDS area analysis results in Fig. 10.  
  
  
 
Figure 9: Optical microscopy images showing dendrite structures in; a) S1, as-received, b) S2, 
rafted, c) S3, rafted + rejuvenation 1, and d) S4, rafted + rejuvenation 1+ rafted, e) S5, rafted + 
rejuvenation 2.  
In Fig. 9, the dendritic structures of S1-S4 are very clear and the structures increase in size after 
the rafting treatment. After rejuvenation 2 (S5), no dendritic structure was observed, which may 
indicate that a more homogeneous composition and microstructure were obtained. The chemical 
composition difference results are shown in Fig. 10, where this defined as the difference in 
chemistry between the IDR and the DC. Most of the elements show clear chemical segregation 
differences. Therefore, since the behaviour of Al, Ti, Ta, W and Re were most obvious, the 
chemical segregation difference of these elements was used to represent the chemical difference 
trend in this study. It has been found that Al, Ti and Ta are rich in the IDR, but consistently 
lower in DC, whilst Re and W exhibit contrary trends, which is in good agreement with 
Karunaratne et al. [17]. According to the chemical segregation results, the sequence of the 
chemical segregation from large to small is S4, S2, S3 and S1. The chemical segregation in the 
as-received sample is the smallest. It is clearly shown that chemical segregation has increased 
when the sample has undergone a rafting treatment. Although, rejuvenation 1 has recovered 
some segregation e.g. Ti and Ta, it has not recovered to the as-received condition, but is closer to 
the rafted conditions. This residual segregation is due to the slower diffusing elements such as 
Re and W. According to Karunaratne et al. [17], the interdiffusion coefficients of Re and W at 
the rejuvenation temperature are the slowest, which means chemical segregations of these 
elements are very difficult to eliminate with short term rejuvenation or homogenisation [6, 
15-17]. When the rejuvenation 1 sample (S3) experiences a further degradation treatment, the 
chemical segregation increases even more. Chemical segregation is the key explanation for the 
reduction in the performance after the second rafting heat treatment (S4), as the segregation of 
slowly diffusing elements such as Re and W, is not fully removed during the short time 
rejuvenation. 
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Figure 10: Chemical composition difference between dendrite core and interdendritic regions 
 
In order to determine whether the length of rejuvenation could eliminate these detrimental 
segregation effects, a more extended rejuvenation procedure, rejuvenation 2, was applied to the 
rafted sample. On a microstructural level (Fig. 5), the size and distribution of cuboidal γ′ is 
equivalent to the size of as-received (S1) and rejuvenation 1 (S3). Very fine tertiary γ′ with a size 
around 30 nm was also found. This microstructure is same as rejuvenation 1(S3). However, the 
rejuvenation 2 sample (S5) shows no a clear dendrite structure, which indicates a more 
homogeneous structure may be obtained in this sample. Therefore, in order to make a 
comparison of chemical segregation in this sample, 20 EDS area analysis boxes with a size of 
20x20 µm were randomly carried on as-received, rejuvenation 1 and rejuvenation 2, by using the 
difference between the maximum and minimum chemical composition to present the 
inhomogeneity of the samples, as shown in  Fig. 11. It has been found that the chemical 
inhomogeneity is smallest in the as-received sample. For the rejuvenation 1 sample, there exists 
a large degree of chemical inhomogeneity which is much greater than as-received conditions, 
especially for heavy elements, such as W and Re. Encouragingly, rejuvenation 2 (S5) has 
reduced the inhomogeneity, to levels very close to the as-received condition. The microstructure 
and chemical homogeneity results are very positive for rejuvenation 2, indicating that an 
extended heat treatment is required for full rejuvenation.  
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Figure 11: Chemical homogeneity of as-received, rejuvenation 1 and rejuvenation 2 based 
on 20 randomly selected EDS area analyses. 
 
 
CONCLUSIONS 
 
The microstructural evolution and tensile behaviour of differently degraded and rejuvenated 
CMSX-4 samples have been examined. A few conclusions can be drawn as follows: 
1. The resulting tensile properties, developed in CMSX-4 in its various states of degradation 
and rejuvenation, resulted from changes in the area fraction of secondary γ′ particles, γ 
channel width and the precipitation of the tertiary γ′ in the channels.  
2. Although the microstructure of the rejuvenation 1(S3) and as-received (S1) samples are very 
similar to each other, their performance was distinct differently after they had undergone 
another high temperature degradation, resulting a large difference in channel width, degree of 
rafting and mechanical behavior. 
3. Chemical segregation is the key explanation for the reduction in the performance after the 
second rafting heat treatment, as the segregation was not removed from the rejuvenation 1 
and then was enhanced by second degradation process.  
4. An extended rejuvenation heat treatment has significantly reduced the chemical segregation 
difference and inhomogeneity within the alloy, with the same distribution, size of secondary 
γ′ and tertiary γ′ inside channels. This result suggests that the mechanical performance will 
be improved relative to the shorter rejuvenation heat treatment. The mechanical test results 
are currently underway. 
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